Phonon Polaritons in Monolayers of Hexagonal Boron Nitride. by Dai, Siyuan et al.
UC San Diego
UC San Diego Previously Published Works
Title
Phonon Polaritons in Monolayers of Hexagonal Boron Nitride.
Permalink
https://escholarship.org/uc/item/7zr2c31w
Journal
Advanced materials (Deerfield Beach, Fla.), 31(37)
ISSN
0935-9648
Authors
Dai, Siyuan
Fang, Wenjing
Rivera, Nicholas
et al.
Publication Date
2019-09-01
DOI
10.1002/adma.201806603
 
Peer reviewed
eScholarship.org Powered by the California Digital Library
University of California
CommuniCation
1806603 (1 of 5) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
www.advmat.de
Phonon Polaritons in Monolayers of Hexagonal  
Boron Nitride
Siyuan Dai,* Wenjing Fang, Nicholas Rivera, Yijing Stehle, Bor-Yuan Jiang, Jialiang Shen, 
Roland Yingjie Tay, Christopher J. Ciccarino, Qiong Ma, Daniel Rodan-Legrain, 
Pablo Jarillo-Herrero, Edwin Hang Tong Teo, Michael M. Fogler, Prineha Narang, 
Jing Kong, and Dimitri N. Basov*
DOI: 10.1002/adma.201806603
virtues make the polaritons promising can-
didates for superlensing,[5] super-Planckian 
heat transfer,[6] wavefront control,[7,8] and 
other novel applications. Besides hexagonal 
boron nitride (hBN),[9–15] phonon polari-
tons have been investigated in SiC,[5,16] 
GaAs,[17,18] LiTaO3,[19] MoO3,[20,21] as well as in 
metamaterials.[8,22] In these systems, phonon 
polaritons span a broad range of frequencies, 
from terahertz to mid-infrared (mid-IR).
An intriguing aspect of hBN in the con-
text of phonon polariton physics and appli-
cations is its optical hyperbolicity,[9,10,23] i.e., 
the existence of a frequency band between 
transverse optical (TO) mode at ωTO and 
longitudinal optical (LO) mode at ωLO: ωTO  
< ω < ωLO. In this latter frequency region, 
the basal-plane permittivity of hBN Re εt < 0 
whereas the z-axis permittivity is positive 
Re εz > 0. Theory predicts[14] that the polariton dispersion within 
the hyperbolic frequency region consists of multiple branches 
whose number is equal to the number N of atomic layers. In 
experiment, only the so-called principal branch is typically 
observed, as is the case here. The theory further predicts that the 
Phonon polaritons in van der Waals materials reveal significant confinement 
accompanied with long propagation length: important virtues for tasks 
pertaining to the control of light and energy flow at the nanoscale. While 
previous studies of phonon polaritons have relied on relatively thick samples, 
here reported is the first observation of surface phonon polaritons in single 
atomic layers and bilayers of hexagonal boron nitride (hBN). Using antenna-
based near-field microscopy, propagating surface phonon polaritons in mono- 
and bilayer hBN microcrystals are imaged. Phonon polaritons in monolayer 
hBN are confined in a volume about one million times smaller than the free-
space photons. Both the polariton dispersion and their wavelength–thickness 
scaling law are altered compared to those of hBN bulk counterparts. These 
changes are attributed to phonon hardening in monolayer-thick crystals. The 
data reported here have bearing on applications of polaritons in metasurfaces 
and ultrathin optical elements.
Phonon Polaritons
Phonon polaritons are collective modes formed by hybridization 
of free-space photons with lattice vibrations in polar insulators. 
These modes exhibit a high density of states, a strong confine-
ment of the electric field,[1,2] and a relatively low loss compa-
rable to that of state-of-the-art plasmonic structures.[3,4] These 
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dispersion of this branch near the in-plane TO frequency ωTO = 
1367 cm−1 is linear in polariton momentum k
Nv k k k Nd, 1/TO 1 0 1ω ω )(= + << <<  (1)
Here, k0 is the momentum of the IR photon, λ0 = 2π/k0 is the 
corresponding wavelength, d1 = 0.34 nm is the hBN interlayer 
distance, and v1 is a characteristic velocity discussed below. 
Equation (1) implies that the polariton dispersion can be tuned 
by varying N, which has been verified by imaging of phonon 
polariton propagation in real space.[9] (Tuning of the polariton 
dispersion by electrostatic gating[22] and temperature[24,25] 
has also been demonstrated.) Because of weak van der Waals 
(vdW) coupling of the layers, N can be controlled with atomic 
precision using exfoliation or chemical-vapor-deposition tech-
niques. However, imaging of phonon polaritons has so far 
been achieved only in multilayer (bulk) hBN crystals.[8,9] In the 
present work, we report imaging of phonon polaritons in mon-
olayer and bilayer hBN. Our principal finding is that polariton 
modes harden (shift to higher frequency) in hBN monolayers: 
the ultimate limit of a single atomic plane. A possible reason 
for the phonon hardening may be a small decrease of the 
in-plane lattice constant compared to the bulk value due to the 
lack of interlayer interaction.[26,27] Theoretical calculations of 
this effect have not yet reached a consensus, predicting either 
softening[15] or hardening[26] of the phonon mode. There-
fore, our experimental results provide an empirical reference 
point for the lattice dynamics models of atomically thin vdW 
layers. Our results may also be relevant for the development 
of ultrathin phononic elements for mid-IR optics.[28] Note that 
in monolayers, the notion of the z-axis permittivity and there-
fore hyperbolic collective modes[10,11,13,14] is not applicable. The 
phonon polaritons we have imaged are better understood as 
surface modes. Their field distribution decays exponentially 
away from hBN. Nevertheless, Equation (1) remains valid even 
for N = 1 as we will discuss below and also in the Supporting 
Information (Sections S2 and S3).
Our monolayer and bilayer hBN samples were grown[29] by 
low-pressure chemical vapor deposition (LP-CVD) method on 
iron foils and then transferred to the SiO2/Si substrates (see 
the Experimental Section for details). We performed the IR 
nanoimaging of these samples using the scattering-type scanning 
near-field optical microscopy (s-SNOM).[16] The s-SNOM, based 
on a tapping-mode atomic force microscope (AFM), simultane-
ously yields the topography and nano-IR images over the scanned 
area. In the experiment, a continuous-wave IR laser (solid arrow) 
is focused on the apex of a metalized AFM tip, which acts as an 
optical antenna generating a strong near field (Figure 1a). This 
field launches phonon polaritons in hBN[30] that propagate to the 
edge of the sample and get reflected back to the tip. The modi-
fied near field under the tip creates scattered IR light, which is 
detected in the far field. The experimental observables are the 
near-field amplitude S(ω) and phase Φ(ω) detected in the back-
scattering geometry and demodulated at the third harmonics of 
the tip tapping frequency. The demodulation eliminates far-field 
background and isolates the genuine near-field signal.[31]
Our representative s-SNOM images are shown in 
Figure 1b–d. The hBN crystals have triangular shapes[32] and 
exhibit an evident s-SNOM phase Φ(ω) contrast that can be 
clearly distinguished from that of the SiO2 substrate. Close to 
sample edges, we find oscillations or fringes characteristic of 
polaritonic standing waves in 2D materials.[1,2] These fringes 
are aligned parallel to the hBN edges in both monolayer and 
bilayer crystals. Line traces (taken along the blue and red 
dotted lines in Figure 1b) demonstrate polariton fringes as 
peaks and valleys in Figure 2a,b. The fringes are observed 
only at frequencies above the in-plane TO frequency of bulk 
hBN, ωTO = 1367 cm−1. Our imaging data reveal a systematic 
evolution of the fringes with ω (Figure 1b–d): as ω increases, 
the fringes move closer to the hBN edge (L = 0, see also line 
profiles in Figure 2a,b), indicating a decreasing period of 
the fringes. Such hallmarks of dispersive phenomena validate 
the assignment of the fringes to surface phonon polaritons[33] 
in hBN. The fringes form along the hBN edges due to the 
interference of the tip-launched and edge-reflected surface 
phonon polaritons.[9,11,13,34] Note that the phase images are 
better suited for visualizing phonon polaritons in ultrathin 
samples (Figure 1) because the fringes in Φ(ω) are closer to 
the crystal edges[11,35] compared with those in S(ω) and so 
suffer less damping. Nevertheless, we utilized both Φ(ω) and 
S(ω) for the quantitative analysis (see Section S1 of Supporting 
Adv. Mater. 2019, 31, 1806603
Figure 1. Nanoimaging of surface phonon polaritons in monolayer and bilayer hBN. a) Experiment setup. The AFM tip and hBN sample are illumi-
nated by the IR beam (solid magenta arrow) from a QCL. Propagating surface phonon polariton waves are launched and detected by the AFM tip 
(dotted magenta arrow). b–d) s-SNOM phase images of surface phonon polaritons in monolayer and bilayer hBN at IR frequency ω = 1376.5, 1382, 
and 1387.5 cm−1. Scale bar: 500 nm.
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Information). For each frequency ω, we extracted the polariton 
wavelength λ and the dimensionless damping factor γ by fit-
ting the s-SNOM line profiles of Φ(ω) and S(ω) (Figure 2a,b) 
to numerically calculated line ones (Supporting Information, 
Section S1). We also extracted λ by another, simpler method, 
based on evaluating the peak-to-valley distance in the Φ(ω) line 
traces. The two methods gave consistent results. The inferred 
dispersion of the phonon polaritons is displayed in Figure 3 
where we plot frequency ω versus the confinement factor 
λ0/λ = k/k0. Figure 3a shows the results for a bilayer (triangles) 
and Figure 3b for a monolayer (dots). In both cases, the con-
finement factor λ0/λ can approach or exceed 60 (Figure 3). 
Accordingly, the mode volume λ3/π[22] of polaritons is reduced 
compared to the mode volume (λ0)3 of free-space photons[36] by 
a factor up to 106.
We now compare the experimental dispersions with 
Equation (1). There are several complementary  theoretical 
approaches to deriving the characteristic 
velocity v1 in Equation (1) (see the Supporting 
Information, Section S2); among these, con-
tinuum electrodynamics is the simplest 
approach. This approach predicts that v1 is 
determined by the in-plane permittivity εt of 
hBN and the permittivity ε2 of SiO2 substrate. 
The z-axis permittivity of hBN gives only 
subleading corrections because of the strong 
inequality |εt | >> εz near ωTO. This explains 
why continuum electrodynamics is valid not 
only for relatively thick[9,23,34] but also for 
atomically thin hBN crystals. The red dash-
dotted line in Figure 3a corresponding to per-
mittivity (ωTO = 1367 cm−1 , ωLO = 1614 cm−1, 
etc.)[4,10] is in a quantitative agreement with 
our data for bilayer hBN (triangles). On the 
other hand, the blue dashed line in Figure 3b 
corresponding to the same ωTO and v1 syste-
matically underestimates the polariton fre-
quency measured in a monolayer (dots). In 
addition, the linear thickness-dependence 
law for phonon polaritons in bulk hBN[9,23,34] 
fails in the case of monolayer and bilayer 
samples. Provided ωTO and v1 were the 
same in the monolayer and the bilayer, 
the ratio of their polariton wavelengths 
at a given frequency would be equal to 2 
(blue dashed line). Instead, the ratio is fre-
quency-dependent and varies from 1.1 to 1.7 
(Figure 4, black squares). We can account for 
both discrepancies by assuming that the TO 
frequency of the monolayer is blueshifted by 
3.5 cm−1, giving the dispersion indicated by 
the green dashed line in Figure 4. Previously, 
similar mode hardening has been observed 
in Raman spectroscopy of monolayer hBN[27] 
and BN nanotubes.[26]
As mentioned above, one possible 
explanation for the blueshift of phonon 
resonances in ultrathin hBN is a slight short-
ening of the BN bonds[26] due to the lack of 
interlayer interaction. To further verify this hypothesis we have 
performed density functional theory calculations[37] taking into 
account exchange-correlation functionals and vdW interaction. 
Our calculations reveal a 2 cm−1 blueshift of the phonon in 
monolayer compared with that in bilayer hBN (Supporting 
Information, Section S2). We note that the phonon mode hard-
ening due to the lack of interlayer interactions is likely to be 
generic to monolayers of vdW materials, including black phos-
phorus, transition metal dichalcogenides,[38] nanotubes,[12] and 
in-plane heterostructures.[39,40]
Because of the signal-to-noise limitations of state-of-the-art 
nano-IR methods that we utilized in our work, our imaging 
of surface phonon polaritons in monolayer was restricted 
to the vicinity of the TO phonon frequency where the dielec-
tric loss in hBN is strong (polariton damping factor γ ∼ 0.6). 
With an improved spatial resolution, it may become possible 
to image polaritons at higher frequencies where the dielectric 
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Figure 2. Line traces of the surface phonon polaritons in monolayer and bilayer hBN. Line traces 
of s-SNOM phase Φ(ω) taken along the dotted cuts in Figure 1 at IR frequency a) ω = 1376.5 cm−1 
and b) 1382 cm−1. c) Line traces of s-SNOM phase Φ(ω) and amplitude S(ω) at ω = 1376.5 cm−1. 
d) Simulation of s-SNOM phase Φ(ω) and amplitude S(ω) at ω = 1376.5 cm−1.
Figure 3. Dispersion of surface phonon polaritons in monolayer and bilayer hBN. a) Frequency 
(ω)–momentum (k/k0) dispersion of surface phonon polaritons in bilayer hBN. b) Frequency 
(ω)–momentum (k/k0) dispersion of surface phonon polaritons in monolayer hBN. Experi-
mental data (dots for monolayer and triangles for bilayer) are extracted from s-SNOM 
images in Figure 1. Theoretical results are indicated with blue (ωTO = 1367 cm−1) and green 
(ωTO = 1370.5 cm−1) dashed curves for monolayer hBN and red (ωTO = 1367 cm−1) dashed-
dotted curve for bilayer hBN.
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loss is smaller.[9] We envision a possibility of tuning phonon 
polaritons in thin vdW crystals with strain and friction 
engineering.[41–43] Finally, it may be worth exploring a 1D coun-
terpart of hyperbolic surface polaritons propagating along the 
hBN edges.[44,45]
Experimental Section
Experimental Setup: The IR nanoimaging of surface phonon polaritons 
in monolayer and bilayer hBN were performed using an s-SNOM. This 
s-SNOM, based on a tapping-mode AFM, is a commercial system 
(www.neaspec.com). In order to launch and detect propagating 
polaritons, a commercial AFM tip (tip radius ≈10 nm) with a PtIr5 
coating was used. In the experiment, the AFM tip was illuminated by 
monochromatic quantum cascade lasers (QCLs) (www.daylightsolutions.
com) covering a frequency range of 900–2300 cm−1 in the mid-IR. The 
phase and amplitude s-SNOM nanoimages were recorded by a pseudo-
heterodyne interferometric detection module with an AFM tapping 
frequency 280 kHz and tapping amplitude around 70 nm. To obtain the 
background-free signal, the s-SNOM output at the third harmonics of 
the tapping frequency was demodulated.
Sample Synthesis: Monolayer and bilayer hBN were synthesized 
using LP-CVD with borazine as the precursor. Before the synthesis of 
hBN, the Fe foil (Alfa Aesar, 99.99%) was pretreated by annealing it at 
1100 °C for 1 h under 10 sccm H2. During the hBN growth, 0.1 sccm H2 
carrier gas (with borazine vapor) and 100 sccm H2 at 1100 °C for 1 h 
were supplied. After the growth, the sample was first cooled with a rate 
of 5 °C min−1 until 700 °C and then to the room temperature without a 
controlled rate.
To transfer the synthesized hBN, the sample was first coated with a 
layer of poly(methyl methacrylate) (PMMA, 950 A9, MicroChem, diluted 
to 4.5% in anisole) at 2500 rpm for 1 min and baked it at 80 °C for 
10 min. Before transferring the sample to the SiO2/Si substrate, Fe foil 
was removed by floating the coated sample on nitric acid (Transene 
Company Inc.) for 1 h. Finally, the PMMA was washed out by acetone 
and thermal annealing at 350 °C under 200 sccm H2 and 200 sccm Ar 
for 3 h.
Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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1. Extraction of the polariton wavelength from the imaging data 
 
Figure S1. s-SNOM phase (a) and amplitude (b) image of surface phonon polaritons in 
monolayer hBN at IR frequency ߱ = 1376.5	cmିଵ. Scale bar: 500	nm. 
Representative scattering type scanning near-field optical microscopy (s-SNOM) phase 
Φ(ω) and amplitude ܵ(߱) images of phonon polaritons in monolayer hBN are shown in 
Figure S1. Our procedure for analyzing polaritonic features in these images starts with 
selecting suitable line cuts to obtain representative line profiles of Φ and ܵ. Such profiles 
(taken along the blue and green dotted lines in Figure S1a-b) plotted as functions of the 
distance ܮ from the crystal edge are presented in Figure S2a-b. Near the edge, at 0 < ܮ <200	nm, both the phase (Figure S2a) and the amplitude (Figure S2b) reveal signal 
oscillations or, as we call them, polariton interference fringes. Similar to what has been 
observed in previous studies,[1, 2] the maxima in Φ occur closer to the edge (at smaller ܮ) 
compared to those in ܵ. The first maximum of  is practically at ܮ = 0, while the first 
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maximum of	ܵ is at ܮ ≈ 100	nm. At the latter distance, the polariton wave gets significantly 
damped. As a result, we resolve two maxima in Φ	but only one in ܵ. 
The second step in determining the polariton wavelength ߣ and damping  is to fit the line 
profiles to the results of numerical simulations. Our final fit shown in Figure S2c-d 
corresponds to	ߣ = 280	nm and ߛ = 0.57. The details of the fitting procedure are as follows. 
The simulations are done using a previously developed electromagnetic solver in which hBN 
is modeled as a two-dimensional (2D) material and the s-SNOM tip is approximated by an 
elongated conducting spheroid.[3, 4]. The input parameter for the solver is the complex 
polariton momentum ܭ = ݇ + ݅݇′′, which determines ߣ = 2ߨ ݇⁄ 	and the dimensionless 
damping factor ߛ = ݇′′ ݇⁄ . The simulation algorithm first converts ݇ into the sheet 
conductivity based on the formula[6]  
 ܭ = ݅߱ߢ2ߨߪଶୈ	,	 (S1) 
and then solves Maxwell’s equation for the charges and currents on the tip and hBN self-
consistently. For the purpose of fitting, ߣ and ߛ serve as the two adjustable parameters. 
 
Figure S2. Experimental and simulation results for monolayer hBN. a) and b), Experimental 
s-SNOM phase (a) and amplitude (b) take along the dashed lines in Figure S1a,b. c,d 
Simulated s-SNOM phase (c) and amplitude (d). Infrared frequency ߱ = 1376.5	cmିଵ. 
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However, the conductivity ߪଶୈ that they define through Eq. (S1) can be related to the 
fundamental response function of hBN – the permittivity tensor ߝଵ௔ – as will be discussed in 
Section 2.  Note that we use the subscript ݆ = 0, 1, 2 to label, from top to bottom, the media 
comprising our system: vacuum, hBN, and SiO2 substrate, respectively. We also use the 
superscripts ܽ = 	ݐ, ݖ for the directions across (along) the ݖ-axis. Finally, parameter ߢ in 
Eq. (S1) is the effective permittivity of the environment, which is the average of the 
permittivities of vacuum (ߝ଴ = 1) and SiO2 substrate (ߝଶ): 
 ߢ = ߝ଴ + ߝଶ2 	.	 (S2) 
At frequencies of interest, ߱ = 1360–1400	cmିଵ, we estimate ߝଶ = 0.81– 0.96 per Ref [5]. 
 
Figure S3. Data from monolayer and thick hBN. a), s-SNOM phase image of monolayer 
hBN at frequency ߱ = 1376.5	cmିଵ. b), s-SNOM phase image of thick hBN at IR frequency 
߱ = 1495	cmିଵ. c), s-SNOM line trace taken along blue dotted line in (a). d), s-SNOM line 
trace taken along red dotted line in (b). Scale bar: 500	nm. 
We also employed another method to extract ߣ, which is less rigorous but is simpler and 
quicker. This second method is to measure the distance Δ between the positions of the first 
maxima and minima of the  data (Figure S3) and then calculate the polariton wavelength 
as ߣ = ߙΔ. We determined that the scaling factor is	ߙ = ߣ Δ⁄ ≈ 4.9 in thicker hBN samples 
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where many polariton fringes are observed (Figure S3d). Assuming the same scaling factor 
describes monolayer hBN, we find ߣ = 260	nm for the data in Figure S2a. The difference of 
the two determinations (via fitting to numerical simulations and via scaling) is about 8%, 
which is within the uncertainty of the first method. 
2. Theoretical models for phonon polaritons in atomically thin hBN 
The dispersion relation of phonon polaritons in hBN has been studied in a number of 
previous works.[6-8] In theory, the polariton dispersion contains multiple branches whose total 
number inside the Restshrahlen band ߱୘୓௧ < ߱ < ߱୐୓௧  of hBN is equal to the number ܰ of 
atomic layers. Here ߱୘୓௧  (߱୐୓௧ ) is the in-plane TO (LO) frequency. In experiment, only the 
so-called principal branch is typically observed, as is the case here. The theory predicts that 
for any ܰ (including ܰ = 1) the dispersion of this branch at momenta ݇ of interest is linear[9] 
[same as Eq. (1) of the main text]: 
 ߱ = ߱୘୓௧ + ݒ௚݇, ߱୘୓௧ܿ ≪ ݇ ≪ 1݀	. (S3) 
Here c is the speed of light, ݀ = ܰ݀ଵ, and ݀ଵ = 0.34	nm is the hBN interlayer distance. 
Below we compare formulas for the the group velocity ݒ௚ from three theoretical models. 
Model 1 (Lattice dynamics of a few-layer hBN with phenomenological Born charges). 
This approach gives ݒ௚ proportional to the number of layers 
[9]: 
 ݒ௚ = ܰݒଵ, ݒଵ = ݑߢ	, (S4) 
where ߢ is given by Eq. (S2). Parameter ݒଵ was introduced in Eq. (1) of the main text. 
Parameter ݑ of dimension of velocity is[23] 
 	ݑ = ߨ
Ω
݉஻ + ݉ே
݉஻݉ே
(ܼ஻௧ )ଶ
߱୘୓
௧ 		. (S5) 
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where Ω = √ଷ
ଶ
ܽଶ is the in-plane area of the hBN unit cell, ܽ = 0.25	nm is the in-plane lattice 
constant, ݉஻ = 10.8	au and ݉ே = 14.0	au are the masses of boron and nitrogen ions, and 
ܼ஻
௧ = −ܼே௧  are their Born effective charges (see below). 
Model 2 (continuum electrodynamics of an hBN slab). This approach yields 
 ܭ = ݅
݀
ටߝ௝
୸
ටߝ௝
௧
൤arctan ൬݅ߝ଴
ߝଵ
൰ + arctan ൬݅ߝଶ
ߝଵ
൰൨	 , ߝ௝ ≡ ටߝ௝୸ටߝ௝௧.	 (S6) 
Equation (S4) is a slight generalization of Eq. (1) of Ref.[1] to the case where all the three 
media involved are uniaxial, with permittivities ߝ௝௔(߱), see also Section 3. Near ߱୘୓௧ , where 
ߝଵ
௧ is large, we can expand the right-hand-side of Eq. (S6) in powers of 1 ߝଵ௧⁄ , 
 ܭ = − 2ߢ
ߝଵ
௧݀
ቆ1 + Δߝ
ߝଵ
௧ + ⋯ቇ	 , Δߝ = 	13 ߝ଴ଶ − ߝ଴ߝଶ + ߝଶଶߝଵ୸ 	,	 (S7) 
and adopt the conventional Drude-Lorentz model for the response of hBN: 
 ߝଵ௔(߱) = ߝଵ௔(∞) + ߝଵ௔(∞) (߱୐୓௔ )ଶ − (߱୘୓௔ )ଶ(߱୘୓௔ )ଶ − ߱ଶ − ݅߱Γ௔ 	 , ܽ = ݖ, ݐ. (S8) 
For example, per Ref.[10, 11] of the main text, at room temperature, ߝଵ௧(∞) = 4.90, ߱୘୓௧ =1367	cmିଵ, 	߱୐୓௧ = 1614	cmିଵ. Equation (S7) matches Eqs. (S3)-(S4) if we neglect the 
correction proportional to Δߝ in Eq. (S7) and the damping rate Γ௧ in Eq. (S8). The matching 
yields the following formula for the characteristic velocity ݑ: 
 	ݑ = (߱୐୓௧ )ଶ − (߱୘୓௧ )ଶ4߱୘୓௧ ߝଵ௧(∞)݀ଵ	. (S9) 
In turn, Eq. (S9) matches Eq. (S5) if 
 (߱୐୓௧ )ଶ − (߱୘୓௧ )ଶ = 4ߨΩ݀ଵ݉஻ + ݉ே݉஻݉ே (ܼ஻௧ )ଶߝଵ௧(∞)		, (S10) 
which is a well known result. For bulk hBN, we infer ݑ = 4.2 × 10଺ cm s⁄  and ܼ஻௧ = 2.9݁. 
Let us discuss the coefficient Δߝ in Eq. (S7). At frequencies of interest, ߱ = 1370	–1390	cmିଵ, we estimate ߝଵ୸ ≈ 3.0; hence, Δߝ ≈ 0.1. On the other hand, ߝଵ௧(߱) is no less than 
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100 by absolute value in this frequency range. Therefore, the fractional correction |Δߝ ߝଵ௧⁄ | ∼0.1% in Eq. (S5) is well below the experimental uncertainty.  Importantly, this correction 
represents the effect of the ݖ-axis permittivity of hBN, which is therefore negligible. We can 
now make an argument that the same conclusion applies to monolayer hBN. A monolayer 
does not have a significant ݖ-axis polarizability, so it is appropriate to choose ߝଵ୸ ≈ 1. This 
yields |Δߝ ߝଵ௧⁄ | ∼ 0.3%, which is still negligible. Thus, in agreement with the Model 1, 
Eqs. (S3) and (S4) should apply for hBN with any ܰ, including the monolayer. However, as 
discussed in the main text, ߱୘୓௧  in the monolayer and in the bulk may have different values. 
In fact, prior Raman studies[12, 13] reported a blue shift of ߱୘୓௧  by a few wavenumbers in 
monolayer hBN on SiO2/Si. As an additional empirical evidence that this may be the case in 
our experiment, in Figure S4 we present data obtained from another monolayer hBN sample. 
The two dashed lines in Figure S4b are linear fits to the extracted polariton dispersion, one 
using the bulk value and the other using a larger value ߱୘୓௧ = 1370.5	cmିଵ of the TO 
frequency. The latter gives a better fit, as for the sample discussed in the main text (Figure 
3b). Although material imperfections and mechanical strain may affect phonon properties of 
hBN in the experiments,[14] our calculations presented at the end of this Section indicate that 
the blue shift of ߱୘୓௧ 	may be an intrinsic phenomenon. 
 
Figure S4. s-SNOM data for the second monolayer hBN sample. a), s-SNOM phase images 
at frequency ߱ = 1375	cmିଵ . Scale bar: 500	nm. b), Polariton dispersion. Experimental 
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data extracted from the images are shown by the dots. Theoretical predictions are indicated 
with the blue (߱୘୓௧ = 1367	cmିଵ) and green (߱୘୓௧ = 1370.5	cmିଵ) dashed curves. 
Model 3 (continuum electrodynamics of a two-dimensional sheet). Another 
continuum-medium approach[13] already mentioned in Section 1 further approximates the 
hBN slab by a two-dimensional (2D) material of sheet conductivity ߪଶୈ. Hence, not only the 
ݖ-axis response of hBN but also its geometric thickness is ignored. A 2D sheet is known to 
support a longitudinal collective mode with the dispersion given by Eq. (S1). To compare it 
with Eq. (S5), we need a model for ߪଶୈ. The common choice is ߪଶୈ = ߪ௧݀, where ߪ௧ is the 
in-plane bulk conductivity. The latter is linked to the in-plane permittivity ߝଵ௧ via ߝଵ௧(߱) =1 + ସగ௜
ఠ
ߪ௧(߱). Using these relations, it is straightforward to show that Eqs. (S1) and (S7) 
agree to the leading order in ߝଵ௧ but differ in the magnitude of the correction: Eq. (S7) gives 
Δߝ = 1. This difference between the finite-thickness-slab and the 2D-film approximations is 
still well within the experimental uncertainty. In other words, all the three Models are in 
agreement. 
First-principles calculations. To compute the microscopic parameters in the above 
formulas, we studied monolayer and bilayer hBN using the density functional perturbation 
theory (DFPT) within QUANTUM ESPRESSO[15, 16]. We evaluated electronic properties on 
a 24 × 24 × 1 k-point mesh and phonon properties on a 6 × 6 × 1 q-point mesh. To handle 
Coulomb interactions we followed Sohier et al.[17] We used the plane-wave basis set with the 30-Hartree energy cutoff and we truncated the Coulomb interaction[18] to remove periodic 
image effects. The examined three choices of the exchange-correlation potentials: the 
Perdew-Burke-Ernzerhof (PBE)[19], the solid-state-adapted PBE (PBEsol)[20], and the local-
density approximation (LDA).[21] For the bilayer we also took into account van der Waals 
interactions beyond the PBEsol. For simplicity, we neglected excitonic or substrate-coupling 
effects. The parameters we extracted for a fully relaxed monolayer system using the PBEsol 
functional were ܼ஻௧ = −ܼே௧ = 2.7݁ and ߱୘୓௧ = 1362.4	cmିଵ. For the bilayer, we obtained 
     
8 
 
the same Born charges but lower	߱୘୓௧ = 1360.4	cmିଵ. We found that the TO frequency 
depends on the choice of the exchange-correlation functional. Nevertheless, our calculations 
support the hypothesis that ߱୘୓௧  is intrinsically blue shifted, by a few wavenumbers, in the 
monolayer compared to the bulk hBN, in agreement with our s-SNOM experiments and the 
prior Raman studies.[17,18]  
3. Electric field distribution of phonon polariton eigenmodes in atomically thin hBN 
To calculate the field distribution of polariton eigenmodes we use the continuum 
electrodynamics approach (Model 2) introduced in Section 2. We choose the ݔ-axis in the 
direction of the polariton momentum ܭ.  The two nonzero components of the electric field 
are ܧ௔(ݔ, ݖ) = ݁௔(ݖ)݁௜௄௫ where ܽ = ݔ, ݖ. The amplitudes ݁௔(ݖ) in each of the regions 
݆ = 0,1,2 (vacuum, hBN, and SiO2, respectively) are given by 
 
݁௫(ݖ) = ܣ௝݁ି௜௞ೕ೥௭ + ܤ௝݁௜௞ೕ೥௭ 	, 
݁௭(ݖ) = ߝ௝௧
ߝ௝
௭
݇
௝݇
௭ ቀܣ௝݁
ି௜௞ೕ
೥௭ − ܤ௝݁
௜௞ೕ
೥௭ቁ	 
(S11) 
with ܣ଴ = ܤଶ = 0. The quantities ௝݇௭ 	are the ݖ-axis momenta,  
 ௝݇௭ = ටߝ௝௧ඨ݇଴ଶ − ܭଶߝ௝௭ 	,				ℑm	 ௝݇௭ > 0	, (S12) 
where ݇଴ = ߱ ܿ⁄ . For the case of monolayer hBN, we have ܤ଴ ≈ ܣଶ. Additionally, for highly 
confined polaritons, ݇ ≫ ݇଴, we get 
 ݁௫(ݖ) = ݁௫(0)exp൫݅݇௭௝|ݖ|൯, ݁௭(ݖ) = ±݅	 sign(ݖ) ݁௫(ݖ)	. (S13) 
The ݖ-axis momentum ௝݇௭ ≃ 	݅݇ is almost entirely imaginary, so that the electric field decays 
exponentially away from hBN. In Figure S5 we plot the polariton field distribution along the 
z-direction at a representative frequency	߱ = 1376.5	cmିଵ. Note that the x- and ݖ-
components of the field have the same absolute value, although the z- component has 
opposite signs above and below the hBN. By convention, the ݖ-axis confinement length is 
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defined from the criterion that this absolute value decays by the factor of ݁ = exp(1). 
Therefore, polariton confinement length in the ݖ-direction is 2 ݇⁄ = ߣ ߨ⁄ . Following another 
convention[22], the mode area in the 2D plane is taken to beߣଶ. The mode volume of phonon 
polaritons in monolayer hBN is thereforeߣଷ ߨ⁄ .
  
Figure S5. Amplitude of the electric field of a phonon polariton in monolayer hBN at IR 
frequency ߱ = 1376.5	cmିଵ. 
Finally, for completeness, we list the coefficients ܣ௝ and ܤ௝ for an arbitrary ݀: 
 
ܣ଴ = 0, ܤ଴ = 1 − ݎଵଶ݁ଶ௜௞భ೥ௗ ,
ܣଵ = 1, ܤଵ = −ݎଵଶ݁ଶ௜௞భ೥ௗ ,
ܣଶ = (1 − ݎଵଶ)݁௜(௞భ೥ି௞మ೥)ௗ , ܤଶ = 0	.  (S14) 
Here ݎ௜௝	are the Fresnel reflection coefficients for a ݅-݆ interface: 
 ݎ௜௝ = ܳ௝ − ܳ௜ܳ௝ + ܳ௜ 	 , 	ܳ௝ = ߝ௝௧௝݇௭ 	.	 (S15) 
Note also that the eigenmode equation leading to Eq. (S6) is[1] 
 1 + ݎ଴ଵݎଵଶ݁ଶ௜௞భ೥ௗ = 0	. (S16) 
It correspond to the poles of the reflection coefficient ݎ௣(ܭ,߱) of a P-polarized wave 
incident on the sample[1]: 
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 ݎ௣ = ݎ଴ଵ + ݎଵଶ݁ଶ௜௞భ೥ௗ1 + ݎ଴ଵݎଵଶ݁ଶ௜௞భ೥ௗ	. (S17) 
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